A non-prime site substituent and warheads combined with a decahydroisoquinolin scaffold was evaluated as a novel inhibitor for severe acute respiratory syndrome (SARS) chymotrypsin-like protease (3CL pro ). The decahydroisoquinolin scaffold has been demonstrated to be an effective hydrophobic center to interact with S2 site of SARS 3CL pro , but the lack of interactions at S3 to S4 site is thought to be a major reason for the moderate inhibitory activity. In this study, the effects of an additional non-prime site substituent on the scaffold as well as effects of several warheads are evaluated. For the introduction of a desired non-prime site substituent, amino functionality was introduced on the decahydroisoquinolin scaffold, and the scaffold was constructed by Pd(II) catalyzed diastereoselective ring formation. The synthesized decahydroisoquinolin inhibitors showed about 2.4 times potent inhibitory activities for SARS 3CL pro when combined with a non-prime site substituent. The present results indicated not only the expected additional interactions with the SARS 3CL pro but also the possibility of new inhibitors containing a fused-ring system as a hydrophobic scaffold and a new warhead such as thioacetal.
Introduction
In 2003, a life-threatening atypical pneumonia called severe acute respiratory syndrome (SARS) spread worldwide from its likely origin in southern China and affected about 8500 patients with more than 800 fatalities. [1] [2] [3] The causative virus is a new beta coronavirus (CoV) containing 29.7 kb positive-strand RNA genome which encodes two large replicative polyproteins: pp1a (486 kDa) and pp1ab (790 kDa). [4] [5] [6] The polyprotein contains a 3C-like cysteine protease (SARS 3CL pro ) which can process the polyprotein to provide a variety of proteins necessary to re-construct the virus particle. Thus, the SARS 3CL pro is indispensable for viral replication but not found in the host cell, which makes the SARS 3CL pro an ideal target for antiviral agents. Numerous studies on substrate-peptide-based and non-peptide inhibitors for SARS 3CL pro have been reported, 7, 8 but no therapeutic agents are available at present. During our studies on SARS 3CL pro inhibitors, 9 a substrate-based peptide aldehyde 1 was found to show potent inhibitory activity (IC 50 = 98 nM) for R188I SARS 3CL pro . 10 Based on X-ray crystal structure analyses of 1 complexed with R188I SARS 3CL pro , the following structures regarding interactions with the protease are clarified: (i) Cterminal aldehyde of 1 is located at hydrogen-bond distance from the active center of the protease forming no covalent bond, (ii) P1 site imidazole is inserted tightly into S1 pocket of the protease, (iii) P2 site cyclohexyl ring interacts with the protease at S2 pocket by hydrophobic interaction, and (iv) distance of o-position carbon of cyclohexyl-ring from α-nitrogen of cyclohexylalanine (Cha) is 3.48 Å (Fig. 1) . These results suggest that the cyclohexyl ring might be connected to the peptide chain by a methylene linker, yielding a new non-peptide inhibitor scaffold containing a hydrophobic decahydroisoquinolin ring. The resulting decahydroisoquinolin-type inhibitor 2 was synthesized and confirmed to be an inhibitor as expected, but the potency was moderate (IC 50 = 63 μM). 11 The X-ray crystal structure analyses of inhibitor 2 complexed with R188I SARS 3CL pro revealed the lack of interactions covering the P3 to P4 sites of substrate-based inhibitor 1, which suggest that these missing interactions at non-prime sites might be a major reason of the moderate inhibitory activity of 2. Based on the above evaluations, in this study, a non-prime site substituent was introduced to the decahydroisoqunolin scaffold to improve its inhibitory activity. From the overlay of the structures of 1 and 2, both complexed with R188I SARS 3CL pro , the distance between a 4-inhibitor 3 (Fig. 2) . As a non-prime site structure, dipeptide, Ac-ThrGly-OH, instead of an original Ac-Thr-Val sequence in 1 was selected since an isopropyl side chain of the Val is directed to an outward of SARS 3CL pro and no interactions with SARS 3CL pro at the Val site is detected ( Fig. 1 ).
Results and discussion

Chemistry
Retrosynthetic route for 3 is shown in Scheme 1. The non-prime site substituent is introduced via an amino group at 4-position of decahydroisoquinolin ring. With regard to the configuration of the amino group at the 4-position, a preliminary overlay of inhibitor 1 and 2 ( Fig. 2) did not eliminate either diastereomer as a non-interacting inhibitor compared with the other, although the 4-S configuration was expected to be preferable. Thus, a synthetic route applicable for the construction of both configurations at the 4-position was employed. P1 site His residue is condensed by reductive-amination via an aldehyde introduced by oxidative cleavage of a terminal olefin at 3-position of decahydroisoquinolin ring of 4. The key intermediate 4 is synthesized from a precursor 5 by Pd(II) catalyzed diastereoselective cyclization. 12 , 13 The selectivity and efficiency have been well established by our previous syntheses of decahydroisoquinolin scaffold 11 and natural products containing piperidine 14 and pyrrolidine 15 scaffolds. As an acyl substituent of an amino group, the 4-bromobenzoyl group was selected owing to the expected additional interactions with SARS 3CL pro , as inhibitors containing 4-halogenated benzoyl substituents exhibited better inhibitory activities than those containing 4-phenyl substituted benzoyl substituents in our previous study. 11 Precursor 5 can be synthesized by conventional homologation and acylation reactions from 6. Amino functional group of 6 is stereoselectively introduced by Sharpless asymmetric dihydroxylation 16 followed by Mitsunobu reaction, 17 using a commercially available diol compound 7. Precursor compound 13 for the Pd(II) catalyzed cyclization was synthesized according to the route shown in Scheme 2. One alcohol group of the starting diol compound 7 was protected with a benzyl group, and the other alcohol was oxidized by tetrapropylammonium perruthenate (TPAP)/N-methylmorpholine-N-oxide (NMO) to an aldehyde, which was then homologated by Wittig reaction to give compound 8. The terminal olefin of 8 was converted to a 1, 2-diol by Sharpless asymmetric dihydroxylation and the resulting primary alcohol was selectively protected with TBDMS group to give an alcohol 9 as 4:1 mixture with an epimer alcohol. After purification, the configuration of a secondary hydroxyl group in the major product was confirmed to be S by Mosher procedure (Fig. S-1) . 18 To proceed with the Design of a decahydroisoquinolin inhibitor 3 containing a non-prime site substituent. The overlay of X-ray crystal structures of inhibitors 1 (yellow) and 2 (green) into the active site of SARS 3CL pro (PDB codes 3ATW and 4TWW).
synthesis, without further purification, the hydroxyl group of the mixture of diastereomers was converted to Boc-protected amine 10 by Mitsunobu reaction and following catalytic hydrogenation in the presence of (Boc) 2 O. After purification, compound 10 having an amino functional group for introduction of a non-prime site substituent was obtained as a single diastereomer. Similar combination of Mitsunobu reaction and reduction converted an alcohol of 10 to an amine, which was then acylated with p-bromobenzoic acid to give an amide 11. The primary hydroxyl group was oxidized by TPAP/NMO, and the resulting aldehyde was homologated by the Wittig reaction to give an ester 12.
Reduction of 12 with DIBALH yielded the precursor compound 13. Next, epi-13 containing an opposite amine-configuration at the carbon atom connecting the non-prime site substituent was synthesized according to the route shown in Scheme 3. The terminal olefin of above synthesized 8 was converted to an epi-1, 2-diol by Sharpless asymmetric dihydroxylation using a different ligand from the one used for 9. A primary alcohol of the product was protected with TBDMS group to yield epi-9 as 8:1 diastereomixture. Without further purification, the mixture was treated with diphenyl phosphorazidate under Mitsunobu reaction followed by catalytic hydrogenation in the presence of (Boc) 2 O. During the reactions, in addition to the desired epi-10 as diastereomixtures, TBDMS protecting group was removed and a diol 14 was obtained as a single diastereomer. To obtain epi-13 as a single diastereomer, the diol 14 was used for further synthesis. One primary alcohol of 14 was protected as an acetonide and the other alcohol was converted to an amine as above by Mitsunobu reaction and following catalytic hydrogenation. The resulting amine was acylated with p-bromobenzoic acid as above to give compound 16. Oxidation with TPAP Scheme 1. Retrosynthetic route for a decahydroisoquinolin inhibitor 3. Scheme 2. Synthetic route for a precursor compound 13.
K. Ohnishi et al. Bioorganic & Medicinal Chemistry 27 (2019) [425] [426] [427] [428] [429] [430] [431] [432] [433] [434] [435] and following homologation and reduction yielded a desired epi-13 as a single diastereomer. Pd(II)-catalyzed diastereoselective cyclization was then examined (Scheme 4). Treatment of a precursor 13 with bis-acetonitrile palladium chloride gave a desired decahydroisoquinolin compound 17 with 78% yield as well as an unreacted precursor 13 with 17% recovery. The recovered 13 could be reused for the cyclization to yield 17. In contrast, the same cyclization reaction for epi-13 gave neither a desired cyclized product nor starting precursor. Although the product was a complex of multi-products, one of the side products was estimated as compound 19 based on the NMR spectrum. The side-product 19 might be derived from partially produced initial cyclization product 18, in which a distance between the terminal olefin and nitrogen atom at 4-position of decahydroisoquinolin ring is estimated by MD calculation to be 2.54 Å, a distance capable for recyclization to yield byproduct 19. In contrast, the corresponding distance in 17 was estimated to be 4.29 Å, which is too far to have any interaction. Thus, the cyclized product 17 was used to introduce a substituent at a non-prime site.
The P1 site fragment and non-prime site substituent, covering P3 to P4 site, to be introduced on the decahydroisoquinolin scaffold were prepared as shown in Scheme 5. Fig. S-2 ).
Inhibitory activity
The inhibitory activities of 26 as well as 25a-c were evaluated based on IC 50 values calculated from the decrease in the substrate digested by R188I SARS 3CL pro according to the published procedure. 9 The results are summarized in Table 1 and a typical sigmoidal curve used for estimation of the IC 50 value is shown in Figure S- 9 The result strongly suggests the additional interactions with R188I SARS 3CL pro are caused by the introduction of a non-prime site substituent, although the interactions would not be sufficient as in substrate-based inhibitor 1.
The inhibitory activities of 25a-c suggest a possible warhead combined with the decahydroisoquinolin scaffold. The results showed that a well-known Michael-type warhead in 25a was ineffective and a Weinreb amide warhead in 25c was also rather weak one when combined with a decahydroisopuinolin scaffold. In contrast, 25b containing a thioacetal as a warhead showed clear inhibitory activity although the IC 50 value (175 μM) is still moderate but comparable with a substratebased tetrapeptide aldehyde inhibitor 9 (155 μM of Ac-Ala-Val-Leu-
These results indicate the possibility of the thioacetal functional group as a new warhead when combined with a decahydroisopuinolin or related fused ring scaffold. Structure optimization of the thioacetal functional group combined with the nonprime site substituents is now underway. The interactions of 26 with R188I SARS 3CL pro were suggested from a docking model constructed using the Molecular Operating Environment (MOE) software. Template-guided docking by MOE estimated two interaction modes with almost the same high score. The overlay of each estimated interaction mode with that of the substratebased inhibitor 1 is shown in Fig. 3 -i and 3-ii. In both interaction modes, the newly introduced non-prime site substituent of 26 directed to S3 to S4 pocket of SARS 3CL pro , as expected, as shown in Fig. 2 . In addition, hydrogen bond interactions at the non-prime site substituent were estimated ( Fig. 3 -ii) and the modes were almost the same as those of 1 10 complexed with SARS 3CL pro . To confirm the estimated interactions, X-ray crystallography analyses of 26 complexed with R188I SARS 3CL pro are now underway.
Conclusion
As a novel non-peptide inhibitor for SARS 3CL pro , a non-prime site substituent was introduced to a 4-position carbon of the decahydroisoquinolin scaffold of a previously synthesized fused-ring inhibitor. The substitution position was selected by overlay of a substrate-based inhibitor and the fused-ring inhibitor. The inhibitor 26 was synthesized using Pd(II) catalyzed diastereoselective cyclization as a key reaction. Synthesized inhibitor 26 showed a clear but moderate inhibitory activity for R188I SARS 3CL
pro . The results strongly suggested increased interactions of inhibitor 26 with SARS 3CL
pro at S3 to S4 pocket, although the interactions were expected to be insufficient. Thus, detailed analyses of the interactions based on X-ray crystal analyses of 26 complexed with R188I SARS 3CL pro are the next objects. In addition, it was demonstrated that a thioacetal warhead would be an alternative warhead to aldehyde, which has rather high reactivity causing a possibility of non-selective interactions with proteins. The present data suggested that a combination of thioacetal functional group with decahydroisoquinolin or related fused-ring scaffold would be another approach to design novel inhibitors for SARS 3CL protease, and studies on this line are now underway.
Experimental
General
Silica gel 70PF 254 Plate-Wako was used for TLC (thin layer chromatography) and column chromatography was performed on Wakogel®, 60 N, (particle size, 63-212 μm) or Wakogel®, C-300E, (particle size, 45-75 μm). Melting points were obtained on a Yanaco micro melting point apparatus and are uncorrected. Low-resolution mass spectra (LRMS) were recorded on Shimadzu LCMS-2010EV (ESI) and high-resolution mass spectra (HRMS) were recorded on Shimadzu LCMS-IT-TOF (ESI) or JEOL GC mate II (EI).
1 H NMR spectra were recorded using Bruker AV 300 spectrometer, chemical shifts (δ) are quoted in parts per million (ppm) referenced to tetramethylsilane (0 ppm) or the residual solvent peak. 13 C NMR spectra were recorded on the same spectrometer at 75 MHz, using the residual solvent peak as the internal reference. Optical rotations were recorded using a HORIBA SEPA-300 polarimeter.
(1S, 2S)-2-[(benzyloxy)methyl]cyclohexanemethanol
Ag 2 O (17.4 g, 75 mmol) was added to a solution of (1S, 2S)-1, 2-cyclohexanedimethanol 7 (7.2 g, 50 mmol) and benzyl bromide (6.5 mL, 55 mmol) in CH 2 Cl 2 (250 mL), and the mixture was stirred for 
Benzyl (1S, 2R)-2-vinylcyclohexylmethyl ether, 8
TPAP (tetra-n-propyl ammonium perrutenate, 316 mg, 0.9 mmol) was added to a solution of above alcohol (10.5 g, 47.5 mmol) and NMO (N-methylmorphline-N-oxide, 21.1 g, 180 mmol) in CH 2 Cl 2 (180 mL) at 0°C. The temperature was gradually raised to 25°C. After being stirred for 30 min, the reaction mixture was filtered through a silica gel layer and the filtrate was concentrated. Resulting residue was immediately used for the next step without purification. t-BuOK (15.1 g, 135 mmol) was added to a solution of methyltriphenylphosphonium bromide (48.2 g, 135 mmol) in THF (225 mL) at 0°C under an argon gas atmosphere and the mixture was stirred for 1 h. Above residue obtained by TPAP oxidation was added dropwise at 0°C and the mixture was warmed to 25°C and stirred for 12 h. The reaction was quenched with saturated aqueous NH 4 Cl and was extracted with EtOAc. The organic layer was washed with brine, dried over Na 2 SO 4 , filtered, and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 30:1) to give 8 (6.9 g, 63%, 2 steps) as a colorless oil. 
(R)-1-{(1S, 2S)-2-[(benzyloxy)methyl]cyclohexyl}ethane-1, 2-diol
To a stirred solution of H 2 O (60 mL) and t-BuOH (60 mL) under an argon gas atmosphere were sequentially added K 2 CO 3 (12.4 g, 90 mmol), K 3 Fe(CN) 6 (29.6 g, 90 mmol), (DHQD) 2 AQN (hydroquinidine anthraquinone-1,4-diyl diether, 255 mg, 0.3 mmol) and K 2 OsO 2 (OH) 2 (43.7 mg, 0.12 mmol) at 25°C. The mixture was cooled to 0°C and stirred for 30 min, and then olefin 8 (6.9 g, 30 mmol) in H 2 O/tBuOH (1:1, 30 mL) was added. After stirring for 24 h at 0°C, the reaction was quenched with aqueous Na 2 SO 3 (20 mL) and the mixture was stirred for an additional 10 min. The mixture was extracted with EtOAc and the organic layer was washed with brine, dried over Na 2 SO 4 , filtered, and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 2:1) to give title alcohol (7.73 g, 98%, dr = 4:1) as a colorless oil. 
(R)-1-{(1S, 2S)-2-[(benzyloxy)methyl]cyclohexyl}-2-[(tertbutyldimethylsilyl) oxy]ethan-1-ol, 9
TBDMS-Cl (tert-butyldiphenylsilyl chloride, 4.86 g, 32.2 mmol) was added to a solution of the above alcohol (7.73 g, 29.3 mmol) and Et 3 N (6.1 mL, 44 mmol) in CH 2 Cl 2 (120 mL). After DMAP (4-(dimethylamino)pyridine, 0.36 g, 2.9 mmol) was added to the mixture, the mixture was stirred for 16 h at 25°C. The reaction was quenched with saturated aqueous NH 4 Cl and was extracted with EtOAc. The organic layer was washed with brine, dried over Na 2 SO 4 , filtered, and concentrated. The residue was purified by silica gel column chromatography (hexane/ EtOAc = 20:1) to give 9 (10.5 g, 95%) as a colorless oil. 90 (s, 1.8H 
2-{(S)-1-[N-(tert-butoxycarbonyl)amino]-2-[(tert-butyldimethylsilyl) oxy]ethyl} [(1S,2S)-cyclohexyl]methanol, 10
DIAD (diisopropyl azodicarboxylate, 21.9 mL, 111 mmol) and DPPA (diphenylphosphoryl azide, 24.1 mL, 111 mmol) were added to a solution of the above alcohol (10.5 g, 27.8 mmol) and PPh 3 (triphenylphosphine, 29.2 g, 111 mmol) in THF (500 mL) under an argon atmosphere at 0°C. The mixture was warmed to at 25°C and stirred for 14 h. Then the reaction mixture was concentrated. The residue was passed through a silica gel column chromatography (hexane/EtOAc = 30:1). The product was immediately used for the next step without further purification. The product was dissolved in EtOAc (10 mL) and added to (Boc) 2 O (9.6 mL, 41.7 mmol) and Pd(OH) 2 -C (1.2 g, 10 wt%). The mixture was stirred for 16 h under hydrogen gas and the mixture was filtered and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 5:1) to give 10 (5.38 g, single diastereomer, 50%, 2 steps) as a colorless oil. [ 
4-Bromo-N-[(2-{(S)-1-[N-(tert-butoxycarbonyl)amino]-2-hydroxyethyl} (1S,2S)-cyclohexyl)methyl]benzamide, 11
DIAD (11.0 mL, 55.6 mmol) and DPPA (12.1 mL, 55.6 mmol) were added to a solution of the above alcohol 10 (5.38 g, 13.9 mmol) and PPh 3 (14.6 g, 55.6 mmol) in THF (140 mL) under an argon atmosphere at 0°C. The mixture was warmed to 25°C, stirred for 14 h, and concentrated. The residue was passed through silica gel column chromatography (hexane/EtOAc = 30:1). Without further purification, the crude product was dissolved in THF (30 mL) and added to LiAlH 4 (1.2 g, 30.6 mmol) in THF (30 mL) under an argon atmosphere at 0°C. After stirring for 1 h, the reaction was quenched with H 2 O and 1 M NaOH aq. The mixture was filtered through celite® and silica gel and the filtrate was concentrated. Resulting residue in MeOH (20 mL) was added to a solution of NMM (2.3 mL, 20.9 mmol), DMT (4-(4, 6-Dimethoxy-1, 3, 5-triazin-2-yl-4-methylmorpholinium chloride)-MM (4.2 g, 15.3 mmol), and 4-bromobenzoic acid (3.1 g, 15.3 mmol) in MeOH (40 mL) at 0°C. The mixture was stirred for 12 h at 25°C. The reaction was quenched with saturated aqueous NH 4 Cl and extracted with CH 2 Cl 2 . The organic layer was washed with brine, dried over Na 2 SO 4 , filtered, and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 2:1) to afford 11 ( 
Ethyl (R, E)-4-{[(1S, 2S)-2-(4-bromobenzamido)methyl]cyclohexyl}-4-[N-(tert-butoxycarbonyl)amino]but-2-enoate, 12
TPAP (48.9 mg, 0.14 mmol) was added to a solution of the before mentioned alcohol 11 (3.16 g, 6.96 mmol), NMO (3.26 g, 27.8 mmol), (carbethoxymethylene) triphenylphosphorane (4.85 g, 13.9 mmol), and MS 4 Å in CH 2 Cl 2 (70 mL) under an argon atmosphere at 0°C and stirred for 16 h. The mixture was filtered through a silica gel layer, and the filtrate was concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 3:1) to afford 12 ( 
4-Bromo-N-[(2-{(R, E)-1-[N-(tert-butoxycarbonyl)amino]-4-hydroxybut-2-enyl})(1S,2S)-cyclohexyl]methylbenzamide, 13
To a solution of 12 (2.33 g, 4.45 mmol) in CH 2 Cl 2 (18 mL), DIBAL-H (diisobutylaluminum hydride, 13.4 mL, 13.4 mmol, 1.0 M solution in hexane) was added at −78°C. After being stirred for 20 min at the same temperature, the reaction was quenched with MeOH (14 mL). The mixture was warmed to 25°C and filtered through Celite® and a silica gel layer. The filtrate was concentrated, and the residue was purified by silica gel column chromatography (hexane/EtOAc = 1:1) to give a title alcohol 
tert-Butyl ((R)-2-hydroxy-1-((1S, 2S)-2-(hydroxymethyl) cyclohexyl) ethyl)carbamate, 14
A title compound was similarly prepared from 7 as above to yield a colorless oil; yield 5.0% (7 
tert-Butyl(R)-4-((1S, 2S)-2-((4-bromobenzamido)methyl) cyclohexyl)-2,2-dimethyloxazolidine-3-carboxylate, 16
BF 3 ·Et 2 O (18.9 μL, 0.15 mmol) was added to a solution of above an alcohol 14 (819 mg, 3.0 mmol), and 2, 2-dimethoxypropane (3.68 mL, 30 mmol) in acetone. The mixture was stirred at room temperature for 10 min. The reaction was quenched with H 2 O and extracted with EtOAc. The organic layer was washed with NaHCO 3 , brine, dried over Na 2 SO 4 , and filtered. The filtrate was concentrated and resulting residue was purified by silica gel column chromatography (hexane/ EtOAc = 10:1) to afford 15 (640 mg, 50%). Without further purification, DIAD (1.2 mL, 6.0 mmol) and DPPA (1.3 mL, 6.0 mmol) were added to a solution of 15 (640 mg, 1.5 mmol) and PPh 3 (1.57 g, 6.0 mmol) in THF (15 mL) under an argon atmosphere at 0°C. The mixture was warmed to 25°C and stirred for 16 h. The mixture was concentrated, and the residue was roughly purified by silica gel column chromatography (hexane/EtOAc = 30:1). This compound was immediately used for the next step without further purification. To a solution of the product in CHCl 3 (0.5 mL) was added Pd-C (80 mg, 10 wt %) and MeOH (5.5 mL). The mixture was stirred under hydrogen gas for 8 h. The mixture was filtered and concentrated. The residue was used without purification. The crude product in MeOH (4 mL) was added to a solution of NMM (0.25 mL, 2.3 mmol), DMT-MM (456 mg, 1.7 mmol), and 4-bromobenzoic acid (332 mg, 1.7 mmol) in MeOH (4 mL) at 0°C. The mixture was stirred for 12 h at 25°C. The reaction was quenched with saturated aqueous NH 4 Cl and extracted with CH 2 Cl 2 . The organic layer was washed with brine, dried over Na 2 SO 4 , filtered, and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 1:1) to afford 16 ( 
4-Bromo-N-[(2-{(S, E)-1-[N-(tert-butoxycarbonyl)amino]-4-hydroxybut-2-enyl})(1S,2S)-cyclohexyl]methylbenzamide, epi-13
(CH 3 CN) 2 PdCl 2 (76.5 mg, 0.3 mmol) was added to 16 in CH 2 Cl 2 (3 mL) and the mixture was stirred for 30 h at 25°C. The mixture was filtered and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 2:1) to afford alcohol epi-11 (157 mg, 55%) as a colorless oil. The product was similarly converted to the title compound epi-13 using the same procedure for 13 described above to yield a colorless oil; yield 21% (2 steps 
(3R, 4S, 4aS, 8aS)-[N-(4-Bromophenylcarbonyl)]-4-[N-(tertbutoxycarbonyl) amino]-3-vinyldecahydroisoquinolin, 17
To a solution of 13 (1.75 g, 3.65 mmol) in dry CH 2 Cl 2 (37 mL), (CH 3 CN) 2 PdCl 2 (189 mg, 0.73 mmol) was added at 0°C under an argon gas atmosphere. The temperature was gradually raised up to 25°C.
After being stirred for 4 h, the reaction mixture was filtered and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 3:1) to give 17 (1.32 g, 78%, 9:1 conformational isomers) as a colorless oil. 
Fmoc-His(Trt)-CH]CH-COOEt
To a solution of Fmoc-His(Trt)-N(OMe)Me (165 mg, 0.25 mmol) in CH 2 Cl 2 (2 mL), DIBAL-H (0.5 mL, 0.5 mmol, 1.0 M solution in hexane) was added at −78°C. After being stirred for 20 min at the same temperature, the reaction was quenched with MeOH (1.0 mL). The mixture was warmed to 25°C and filtered through celite® and a silica gel layer. The filtrate was concentrated. The crude aldehyde was used without purification. (Carbethoxymethylene)triphenylphosphorane (175 mg, 0.5 mmol) was added to a solution of above crude aldehyde in CH 2 Cl 2 under an argon atmosphere at 0°C and the mixture was stirred for 16 h. The mixture was purified by silica gel column chromatography (hexane/EtOAc = 1:1) to afford a title product (160 mg, 95%, 2 steps) as a yellow oil. 
H-His(Trt)-CH]CH-COOEt, 21a
20% Et 2 NH in CH 3 CN solution was added to above Fmoc-His(Trt)-CH]CH-COOEt (160 mg, 0.24 mmol). The mixture was stirred at 25°C for 2 h. The mixture was concentrated under reduced pressure. The residue was roughly purified by silica gel column chromatography (CHCl 3 /MeOH = 20:1) and the product was used without further purification.
Fmoc-His(Trt)-CH(SEt) 2
To a solution of Fmoc-His(Trt)-N(OMe)Me (165 mg, 0.25 mmol) in CH 2 Cl 2 (2 mL), DIBAL-H (0.5 mL, 0.5 mmol, 1.0 M solution in hexane) was added at −78°C. After being stirred for 20 min at the same temperature, the reaction was quenched with CH 3 OH (1.0 mL). The mixture was warmed to 25°C and filtered through Celite® and a silica gel layer. The filtrate was concentrated. The crude aldehyde was used without purification. To a stirred solution of crude aldehyde, and EtSH (100 μL, 1.38 mmol) in AcOH (1 mL) was added BF 3 ·Et 2 O (100 μL), and the mixture was stirred at 25°C for 30 min·H 2 O (10 mL) was added, and the organic phase was washed with H 2 O, dried over Na 2 SO 4 , filtered, and concentrated. The residue was purified by silica gel column chromatography (CHCl 3 /MeOH = 20:1) to afford a title product, Fmoc-His (Trt)-CH(SEt) 2 
H-His(Trt)-CH(SEt) 2 , 21b
20% Et 2 NH in CH 3 CN solution was added to above Fmoc-His(Trt)-CH(SEt) 2 (85 mg, 0.12 mmol). The mixture was stirred at 25°C for 2 h and was concentrated. The residue was roughly purified by silica gel column chromatography (CHCl 3 /MeOH = 1:1) and the product was used without further purification.
Ac-Thr-Gly-OH, 22
H-Gly-OBn·HCl (1. To a solution of above Ac-Thr-Gly-OBn in CHCl 3 (1.0 mL) was added Pd-C (100 mg, 10 wt%) and MeOH (10 mL). The mixture was stirred under hydrogen gas for 8 h. The mixture was filtered and concentrated. The residue was used in the next step without purification.
Compound 23
To a solution of 17 (1.32 g, 2.85 mmol) in MeOH (6 mL), 12 M HCl (6 mL) was added at 0°C. The mixture was warmed to 25°C and stirred for 30 min. The mixture was concentrated, and the residue was used in the next step without purification. The crude product in DMF (6 mL) was added to a solution of BOP (1.89 g, 4.27 mmol), NMM (2.19 mL, 20.0 mmol), and Ac-Thr-Gly-OH (680 mg, 3.13 mmol) in DMF (6 mL) at 0°C. The mixture was stirred for 16 h at 25°C. The mixture was concentrated and quenched with saturated aqueous NH 4 Cl and extracted with EtOAc. The organic layer was washed with brine, dried over Na 2 SO 4 , filtered, and concentrated. 
Compound 24a
A solution of 23 (56.2 mg, 0.1 mmol) in EtOAc (4 mL) at -78°C was treated with ozone gas until the solution changed from colorless to blue. After that, Me 2 S (60 μL, 0.8 mmol) was added, and the mixture was warmed to 25°C and was stirred for 10 min. The mixture was extracted with EtOAc. The organic layer was washed with H 2 O and brine, dried over Na 2 SO 4 , filtered, and concentrated. The residue was roughly purified by silica gel column chromatography (CHCl 3 /MeOH = 10:1). The product was immediately used without further purification. Amine 21a (54.1 mg, 0.12 mmol) was added to a solution of above aldehyde in CH 2 Cl 2 (1 mL) at 0°C. The mixture was stirred at 25°C for 2 h and then NaBH 3 CN (22 mg, 0.35 mmol) was added. The mixture was stirred for 30 min. The reaction was quenched with 1 M HCl and the whole was extracted with EtOAc. The organic layer was washed with saturated aqueous NH 4 Cl and brine, dried over Na 2 SO 4 , filtered, and concentrated. The residue was purified by flash column chromatography (CHCl 3 /MeOH = 20:1) to give 24a (50 mg, 50%, 2 steps) as a colorless oil. [ 
Compound 24b
A solution of 23 (56.2 mg, 0.1 mmol) in EtOAc (4 mL) at −78°C was treated with ozone gas as above. To a solution of the resulting aldehyde in CH 2 Cl 2 (1 mL), amine 21b (58.4 mg, 0.12 mmol) was added at 0°C. The mixture was stirred at 25°C for 2 h and then NaBH 3 CN (22 mg, 0.35 mmol) was added. The resultant mixture was stirred for 30 min. The reaction was quenched with 1 M HCl and was extracted with EtOAc. The organic layer was washed with saturated aqueous NH 4 Cl and brine, dried over Na 2 SO 4 , filtered, and concentrated. The residue was purified by flash column chromatography (CHCl 3 /MeOH = 20:1) to give 24b (34.0 mg, 34%, 2 steps) 
Compound 24c
A solution of 23 (56.2 mg, 0.1 mmol) in EtOAc (4 mL) at −78°C was treated with ozone gas as above and the product aldehyde was reductively aminated by H-His(Trt)-N(OMe)Me (52.8 mg, 0.12 mmol) using the same procedure described above. 
Compound 25a
TFA (trifluoroacetic acid)/CH 2 Cl 2 /TIS (trisisopropylsilane)/H 2 O (10:10:1.0:1.0, 2.2 mL) was added to 24a (50 mg, 0.05 mmol) and the mixture was stirred at 25°C for 30 min. The mixture was concentrated, and the product was isolated by ether precipitation to afford detritylated product 25a (37.8 mg, quant.) as a white amorphous. 
